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ABSTRACT 
The recent development and commercial availability of wearable devices like the 
FITBIT® and Apple Watch® reflect an increasing consumer interest in actively 
monitoring health parameters. Though wearable devices are beginning to emerge in a 
variety of fields and applications, there is particular interest in the development of 
wearable monitors for continuously sensing blood glucose levels. Diabetes currently 
affects nearly 10% of the American population, a number that is expected to rise in the 
near future, prompting increased interest in noninvasive methods of monitoring glucose 
levels. This interest in noninvasive monitoring and the recent advent of continuous 
monitoring products like the FITBIT® are coupled together in the concept of wearable 
glucose sensors that utilize sweat glucose concentration levels as a means to monitor 
blood glucose concentration.  
This work centers on sweat-based glucose biosensors with applications in 
continuous monitoring for diabetes patients. It includes an overview of glucose 
biosensors and an introduction to electrochemistry (Chapter 1) and an investigation into 
the effectiveness of electrodeposited platinum nanoparticles as a transduction element in 
electrochemical glucose biosensor (Chapter 2).  
A large part of this thesis (Chapter 3) is devoted to the development of an entirely 
inkjet printable working electrode for applications in wearable sensing. The developed 
electrode was fabricated entirely through inkjet printing using a commercially available 
Fujifilm Dimatix Materials Printer and characterization tests show that the sensor 
performs similarly to sensors fabricated using more costly and time-intensive clean room 
methods. The sensor consists of a conductive graphene underlayer, an insulative lacquer 
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coating which serves to maintain constant electrode surface area, a transduction layer of 
platinum-decorated carbon nanotubes, a detection layer of glucose oxidase and stabilizing 
protein bovine serum albumin, and finally, a cross-linking layer of glutaraldehyde. When 
operating in phosphate buffer solution the sensor demonstrates a linear sensing range of 
10 µM to 2.51 mM glucose, which is within the range of sweat glucose concentrations, a 
response time of 18 seconds, average sensitivity of 18.09 µA mM-1 cm-2, and a theoretical 
detection limit of 3.79 µM glucose. 
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CHAPTER 1: INTRODUCTION 
Biosensors 
Biosensors – analytical devices that are based on recognition of a biological 
element1 – have experienced phenomenal growth since the first biosensor was introduced 
by Leland C. Clark, Jr., and Champ Lyons in 1962. Biosensors have extremely broad 
applications and can be found in a variety of industries ranging from healthcare to 
agriculture to defense. The global market for biosensors is quite large and only expected 
to grow in coming years as interest in food quality, health care monitoring, disease 
diagnostics, and national security continue to develop.  
 
Figure 1. Graph of the world market for biosensors estimated from various 
commercial sources and predicted for the future in US$ millions. Reproduced 
from Turner 20131 with permission from The Royal Society of Chemistry. 
 
 The term “biosensor” accurately implies sensing using a biological component, 
and all biosensors utilize this concept in some capacity. However, there are many 
different types of biosensors – different purposes, different components, and different 
characteristics – all of which make biosensing a very diverse, complex field. In order to 
understand relevant literature some terminology must be defined. The biosensor system 
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has its foundation in three key elements: recognition (sensing), signal transduction, and 
detection (Figure 2).2 The recognition element in a biosensor is the selective component 
that allows the biosensor to monitor one particular event, often protein binding, and is 
absolutely critical in order for the biosensor to have any chance of functioning. The 
transduction element is the component (often physical) that transduces, or converts, the 
biological signal generated from the recognition element into a usable signal, usually an 
electrical signal. Finally, the detection element monitors the signal output from the 
transduction element. After information has passed the detection element of a biosensor 
the transduced signal is often output on a display for the end user to process, and the 
biosensor has completed its work. It is important to note that even in biosensors with the 
same end function (e.g., monitoring pH), these three elements may be designed very 
differently. Most biosensors can be broken down into separate elements that fit into the 
classifications presented in Figure 2, although there are a variety of ways this can be 
accomplished. This diversity in biosensor operating methods and functional components 
make this field extremely diverse, and the constantly-changing landscape of technical 
capabilities ensures that growth in the field of biosensors will never be stagnant.  
 
 
Figure 2. Functionality of a biosensor broken down into steps. First the target molecule interacts with the 
sensor’s recognition element, often via a biological binding event. The transducer then converts the 
biological signal into a usable (often electrical) signal and sends it to the detector. The signal is 
monitored by the detector, and the final reading is displayed on an output.  
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Glucose sensors 
Diabetes mellitus is a relatively common disease affecting nearly 10% of the 
American population.3 This disease affects the body’s ability to process the energy in 
food, and managing it often requires monitoring blood sugar (glucose) levels throughout 
the day.4,5 In fact, careful monitoring and control of blood sugar have been shown to 
reduce side effects often associated with diabetes including amputation and organ 
failure.1 The numbers of adults with diabetes is expected to increase 55% by the year 
2035,6 so it should come as no surprise that glucose biosensors comprise approximately 
85% of the global biosensor market.7 
 By far the most common method of testing blood sugar is by using blood glucose 
test strips that are read by a glucometer. This method of testing is considered invasive, as 
it requires a fresh sample of blood from the patient, but results are extremely accurate and 
the meters are easy to use, often presenting a reading in a matter of seconds.8 The test 
strips contain glucose oxidase, an enzyme that selectively binds to glucose. Once the 
patient collects a fresh blood sample and inserts it into the meter, an electrochemical 
reaction is monitored to determine the concentration of glucose in the sample.9 This 
monitoring method is not only invasive, causing pain and potential nerve damage, but it 
must be done 3-4 times throughout the day, requiring patients to alter their schedules and 
physically keep supplies with them. Alternatively, a continuous monitoring system would 
alleviate these problems. To the user’s benefit, studies have shown that continuous 
monitoring can lead to a more accurate picture of prolonged blood glucose trends, which 
would help in treatment of the disease.5,10 
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Continuous monitoring systems 
 Continuous monitoring systems are considered by many to be the future of 
glucose monitoring.1,11 Within the scope of continuous monitoring devices, there are an 
abundance of different methodologies that have been demonstrated as feasible means of 
monitoring real-time glucose levels. The most delineating feature between them is the 
biological fluid they use as a sensing medium. Continuous glucose monitors have been 
demonstrated using human blood, serum, sweat, tear fluid, interstitial fluid, and saliva as 
the sensing medium with certain advantages and disadvantages to each (Table 1). Sweat 
was selected as the sensing medium for this project as it is easily accessible, its volume 
can be increased by inducing certain environmental conditions such as high temperature 
or humidity, and a sweat-based glucose sensor has great potential to be incorporated into 
a wearable device.  
It is important to note that research studies are not in agreement on the range of 
glucose concentration found in human sweat; rather, the amount of glucose found in 
human sweat varies significantly. Figure 3 presents a comparison of different studies on 
the concentration of glucose in human sweat. The average lower limit seen in the 
literature is approximately 10 µm.12-14 This measurement was selected as the target lower 
limit of detection for the context of this thesis. In order to make sweat-based sensing a 
reality, additional medical research studies should be performed to determine the actual 
range of glucose concentration found in human sweat.  
There has also been some controversy surrounding how closely sweat glucose 
levels correlate to blood glucose levels.13 One recent study discovered high correlation 
between the two values,13 but more work should be done to reinforce this finding. In 
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addition, though the relationship in concentration is highly linear, the degree to which 
sweat concentration is lower than blood glucose concentration differs between 
individuals.12,14,15 To compensate for this, continuous sweat-based glucose monitors 
would need to be specifically calibrated for individual users to ensure that sweat glucose 
measurements are accurate. 
 
Figure 3. A comparison between the ranges in human sweat glucose concentration found in the literature. 
Note that the x-axis (glucose concentration) is logarithmic; the literature does not agree on one single 
range. 
 
 
 
Electrochemical biosensors 
Biosensors function using a wide variety of sensing approaches: electrochemistry, 
impedance spectroscopy, colorimetric assays, micro-mechanical systems (e.g., 
cantilevers), and magnetic fields, to name a few. The most common method utilized by
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Table 1. Biological medium used in sensing blood glucose concentration levels and their commonly associated advantages and 
disadvantages.  
Medium Advantages Disadvantages 
Whole 
blood 
 Most accurate reading   Most invasive 7 
Serum  Higher reading than whole-blood 7  Processing required 
 Invasive (serum is derived from whole blood) 
Sweat  Completely noninvasive collection 
 Mean lag time behind blood glucose 
concentration: 8 minutes 13 
 Glucose concentration is independent of 
sweat rate 16 
 Sweat rate is activity and environment-dependent  
 Can be easily contaminated by compounds on the skin 
 May be up to 100-fold lower than blood glucose concentration 13 
Interstitial 
fluid 
 Mean lag time behind blood glucose 
concentration: 6.7 minutes 7,17 
 ISF levels fall faster than blood glucose levels 
(hypoglycaemia indicator) 18  
 Lag time can be extensive (patient-dependent) 7 
 Need to be calibrated to blood glucose levels at regular intervals 19 
 Sample may not be representative of entire body / overall levels 7 
Tear fluid  Linear correlation to blood glucose 
concentration 20 
 Accessible with common contact lenses 21,22 
 Concentration is 10-fold lower than blood glucose concentration 23 
 Interfering proteins present 21 
 Large pH shifts day to night 24 
Saliva  Semi-invasive collection  May be up to 100-fold lower than blood glucose concentration 25 
 Many interfering substances present 19 
 Variable lag time 25 
Urine  Noninvasive collection  Individual differences in excretion threshold of glucose 
concentration 25 
 Would not allow for continuous monitoring 
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glucose biosensors is electrochemistry.2 This section is intended to be a brief overview of 
electrochemical principles so that the content of this paper can be fully understood.  
 Electrochemistry refers to the conversion of chemical energy into electrical 
energy and vice versa.26 The projects within this thesis all utilize a three electrode set up 
(Figure 4). In this system, three electrodes – a working, reference, and counter – are 
placed in an electrolytic conducting solution and individually connected to a potentiostat, 
a piece of electrical equipment that controls voltage potentials. An electrical current 
passes between the working and counter electrodes, while a voltage potential is 
monitored between the working and reference electrodes. From this base configuration 
many different programs can be run to monitor different system parameters, the most 
common being cyclic voltammetry (current is monitored as voltage is varied) and 
chronoamperometry (current is monitored over time, voltage is set at a fixed potential).  
 The working electrode is where the reaction itself takes place. This is almost 
always where the biological component is located, and is usually the novel focus in most 
biosensors. Within most biosensors the counter electrode and reference electrode are 
standards that are easily purchased from suppliers. The most common type of reference 
electrode is a liquid Ag/AgCl electrode, which consists of a silver wire coated with silver 
chloride submerged in a sodium chloride solution.27 The counter electrode is often simply 
a platinum wire, and its function is to provide a physical surface to counter the redox 
reaction occurring at the working electrode. 
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Figure 4. A three electrode setup is commonly used in electrochemical biosensing. 
In this configuration, the working electrode (WE), reference electrode (RE), and 
counter electrode (RE) are submerged in an electrolytic (conducting) solution and 
connected to a potentiostat. Current passes between the WE and CE and voltage 
between the WE and RE is monitored. This work focuses on the WE, highlighted 
in yellow.  
 
Biosensor characterization 
 Biosensor performance is dependent on many different parameters and often 
evaluated using a variety of methods and metrics. Several parameters that are commonly 
reported include response time, sensitivity, and stability,28 but depending on the 
application and working environment of the sensor, others can also be reported. Glucose 
sensors, particularly commonplace blood glucose test strips, must be selective, rapid, and 
reliable,19 requirements that translate to sensitivity, response time, and stability, 
respectively. In addition to these three characteristics, linear sensing range and detection 
limit are two additional characteristics that should be reported for a complete picture of 
sensor performance.29 These parameters are relatively easy to determine for 
amperometric glucose biosensors. Response time can be calculated directly from the raw 
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data obtained using chronoamperometry. Once this data set has been processed to depend 
on analyte concentration instead of time, the linear range, sensitivity, and detection limit 
can all be calculated. Stability, also referred to as shelf life, can be reported in many 
ways, but is commonly described as the percentage of original signal response after a 
given amount of time. Figure 5 summarizes these performance indicators and explains 
how each metric can be calculated.  
 It is important to consider biosensor performance both in a holistic sense and in 
the context of the sensor’s anticipated applications. For example, a biosensor used in 
cancer diagnostics may have an acceptable response time that is orders of magnitude 
greater than the required response time for a blood glucose biosensor. The working fluid 
(biological sample) requirement for each biosensor also affects the importance of certain 
metrics, particularly the selectivity of the biosensor. A biosensor that is operating in a 
complex medium such as human perspiration or a soil sample will need to be able to 
selectively sense the target analyte and ignore other substances present in the sample, 
whereas a sample used in laboratory diagnostics could be filtered to eliminate interfering 
substances. In the context of sweat-based sensing, an effective biosensor must react only 
to changes in concentration of the target analyte and not show any response to changes in 
other analytes found in the sweat.  
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Figure 5. The five parameters that are commonly used to describe electrochemical amperometric biosensor performance. The response time is calculated from the raw 
current-time data, while the sensitivity, detection limit, and linear range are calculated from the processed current-concentration plot. 
1
0
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Abstract 
Enhanced interest in wearable biosensor technology over the past decade is 
directly related to the increasing prevalence of diabetes and the associated requirement of 
daily blood glucose monitoring. In this work we investigate the platinum-carbon 
transduction element used in traditional first-generation glucose biosensors which rely on 
the concentration of hydrogen peroxide produced by the glucose–glucose oxidase binding 
scheme. We electrodeposit platinum nanoparticles on a commercially-available screen 
printed carbon electrode by stepping an applied current between 0 and 7.12 mA/cm2 for a 
varying number of cycles.  Next, we examine the trends in deposition and the effect that 
the number of deposition cycles has on the sensitivity of electrochemical glucose sensing. 
Results from this work indicate that applying platinum nanoparticles to screen printed 
carbon via electrodeposition from a metal salt solution improves overall biosensor 
sensitivity.  This work also pinpoints the amount of platinum (i.e., number of deposition 
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cycles) that maximizes biosensor sensitivity in an effort to minimize the use of the 
precious metals, viz., platinum, in electrode fabrication. In summary, this work quantifies 
the relationship between platinum electrodeposition and sensor performance, which is 
crucial in designing and producing cost-effective sensors. 
 
Introduction 
The field of biosensing has rapidly expanded in the past decade from an 
evaluation of $5 billion in 20047 to a projected total market value of $22.7 billion by 
2020.30 While this extreme growth can be attributed to the prevalence of diabetes in 
developed nations,7 the term ‘biosensor’ has expanded beyond traditional blood glucose 
sensors used for diabetes management to include wearable fitness monitors and activity 
trackers, cancer diagnostic mechanisms, and even gene identification tools.  As of 2013 
wearable biosensors held a market share of 80% of the total biosensor market,30 thus 
making the development of wearable sensors an attractive research focus.  
While wearable sensors of many types are of interest, there is a specific need for 
the development of a noninvasive, wearable glucose monitoring system. Traditional 
blood glucose sensors are invasive, requiring users to draw blood for glucose 
measurements, which can be painful, time consuming, and poses the potential to transmit 
blood borne disease.31 A recent thrust in the field has been the development of 
noninvasive sensors that utilize biological media other than blood – such as sweat,32 
tears,33 or interstitial fluid34 – as a sensing medium. In particular, sweat-based sensing is 
an attractive alternative because of its readily available and easily accessible 
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(noninvasive) supply and diverse composition in that it contains many biomarkers of 
interest.  
This work contributes to the overarching goal of developing a wearable biosensor 
capable of monitoring real-time glucose levels in human sweat. While several sweat-
based glucose monitors have been published22,32,35 they are proof-of-concept studies and 
do not contain a thorough analysis or optimization of the glucose sensors within the 
context of sweat-based sensing. Here we seek to deepen knowledge of the effect of 
platinum electrodeposition on glucose sensor sensitivity.  
Though a variety of detection mechanisms exist for the glucose–glucose oxidase 
system, one of the simplest consists of measuring the generation of hydrogen peroxide36 
in a method classified as first-generation glucose biosensing. In short, at an applied 
voltage bias, glucose oxidase catalyzes the conversion of glucose to gluconolactone, 
producing hydrogen peroxide as a byproduct. Then, platinum catalyzes the reduction of 
hydrogen peroxide, an electroactive species, of which electrons are a byproduct (Figure 
6).37 Thus, platinum is a common component in first-generation glucose biosensors that 
measure the concentration of liberated hydrogen peroxide.38  Furthermore, the use of 
platinum on the nanoscale in either the nanoparticle or nanowire morphology has been 
reported to further increase the sensitivity of first-generation glucose biosensors due to 
the high catalytic efficiency of said nanoparticles.39,40  
While platinum nanoparticles have been shown to enhance the electrochemical 
response of glucose–glucose oxidase glucose sensors due to their electrocatalytic 
behavior towards hydrogen peroxide,41-44 few reports have tackled the challenge of 
directly comparing the effects of the density and morphology of platinum nanostructures 
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and their effectiveness of hydrogen peroxide catalysis with regards to glucose biosensing. 
We have previously published on the optimal current density for the electrodeposition of 
platinum onto graphene petal nanosheets45 and on networks of single-walled carbon 
nanotubes (SWCNTs)46-48 and microelectrodes as well as other precious metals such as 
gold and palladium electrodeposited within porous anodic alumina pores for the creation 
of nanoelectrode arrays49 and on networks of SWCNTs50 for enzymatic-based, 
electrochemical biosensing.45 Furthermore we have explored electroless platinum 
nanoparticle/nanowire deposition techniques for the decomposition of hydrogen peroxide 
on both carbon nanotube51 and paper-based substrates.52 In this work, we build upon 
these previous research reports by further exploring the relationship between biosensor 
sensitivity and platinum deposition and seek to determine the minimum amount of 
platinum nanoparticle surface coverage required to maximize the sensitivity of first 
generation glucose biosensors developed on screen printed electrodes. 
 
 
 
Figure 6. The enzymatic reduction and oxidation scheme that is used in first-generation glucose biosensors 
and the respective layer where each process occurs for the sensors demonstrated in this work. The process 
should be viewed from left to right and begins with the addition of glucose to the testing system and 
culminates when electrons are transferred to the carbon electrode, which is detectable as an increase in 
current. 
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Methodology 
Preparation of electrodes 
Platinum nanoparticles were deposited on the surface of the working electrode 
following our previous current-pulse, 3-electrode electrodeposition protocols for 
platinum deposition on graphene nanopetals and carbon nanopetals.45,46,50,53 The working 
electrode was a screen printed carbon electrode (CH Instruments SE101), the reference 
was liquid Ag/AgCl (CH Instruments, CHI 111), and the counter was a platinum wire 
(CH Instruments, CHI 115). All three electrodes were submerged in electroplating 
solution [H2PtCl6·6H2O (4 mM) and Na2SO4 (0.5 M)], and the same solution was used 
for each deposition. As evidenced in our previous work, the optimal current density for 
the deposition of platinum on a carbon-based electrode, viz., graphene nanopetals, for 
glucose sensing applications was 7.14 mA/cm2.45 Therefore, current pulses (500 ms) of 
7.14 mA/cm2 were utilized in varying cycles to fabricate each sample.  
Glucose oxidase immobilization  
Glucose oxidase membranes were fabricated by first mixing equal volumes of 
glucose oxidase from aspergillus niger (Type X-S, Sigma Aldrich G7141) dissolved in 
PBS (1x, Sigma Aldrich)  at a concentration of 8 mg/mL with bovine serum albumin 
(lyophilized powder, Sigma Aldrich A2153) dissolved in deionized water at a 
concentration of 80 mg/mL. Then 2.5% glutaraldehyde in water (created from Sigma 
Aldrich G7776) was added to the compound, mixed via pipette mixing, and a volume of 
5 µL was immediately drop coated onto the platinized electrodes. The functionalized 
electrodes were allowed to dry for 12 hours at room temperature and were rinsed with 
deionized water prior to testing.  
     16 
Electrochemical measurements 
All electrochemical measurements were conducted using a CH Instruments 
potentiostat (600E series) operating at an applied potential of +0.4 V. A common three 
electrode setup was used with the glucose oxidase-functionalized carbon electrode acting 
as the working electrode, platinum wire (CH Instruments, CHI 115) for the counter 
electrode, and liquid 3M Ag/AgCl (CH Instruments, CHI 111) for the reference. All tests 
were conducted in 10 mL PBS (1x, Sigma Aldrich) with a stir bar rotating at 725 rpm. 
Glucose stock solutions of concentrations 1 mM, 10 mM, 100 mM and 1 M were 
prepared by dissolving glucose (D-(+)-Glucose, Sigma Aldrich G8270) in PBS and were 
allowed to sit at room temperature for at least 24 hours prior to testing. Sensors were 
tested in sets of three to ensure accuracy. 
SEM imaging 
The electrodeposited platinum was investigated using a Field Emission Scanning 
Electron Microscope (FE-SEM) [FEI Quanta 250]. Images were captured in atomic 
backscattered electron (ABS) mode operating at 10 kV with a working distance of 
approximately 10 mm. 
 
Results and discussion 
Platinum is a well-known transduction element used in glucose biosensing, and 
electrodeposition of platinum nanoparticles is an established technique.54 By depositing 
platinum nanoparticles via electrodeposition, a transduction layer that is highly sensitive 
to hydrogen peroxide can be created on top of a conductive substrate (in this case, 
carbon). Then, a membrane containing the recognition element, glucose oxidase, can be 
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applied via drop coating application, effectively creating a complete sensor (see Figure 
7). The optimal current density under which to deposit platinum for effective 
electrochemical sensing has been published as 7.14 mA/cm2 for a study in which current 
density was varied while the number of cycles of application remained constant.45 
In order to begin this study an electrode was prepared with 100 cycles of platinum 
electrodeposited at a current density of 7.14 mA/cm2. The complete amperometric 
response to glucose oxidase over three orders of magnitude is shown in Figure 8 with the 
linear calibration shown in the inset. The results indicate a large linear sensing range of 1 
µM to 2 mM, which closely matches the known range of glucose in sweat.12,14 In 
addition, the sensor demonstrated a low theoretical detection limit (calculated to be .718 
µM) and fast response time of 21 seconds (defined as the length of time from the glucose 
injection to a current reading corresponding to 90% of the steady state value).  
 
Figure 7. The diagram on the left shows the multilayered, functionalized sensor that is used for testing. 
The yellow color of the enzyme solution has been exaggerated for identification. The photograph on 
the right depicts a tested sensor next to a penny. 
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Subsequently, additional sensors were fabricated with platinum being deposited in 
an increasing number of cycles. SEM images of the electrodeposited platinum on screen 
printed electrodes (Figure 9) show a clear increase in the amount of platinum on the 
surface as the number of cycles is increased from 5 (Figure 9A) to 100 (Figure 9E). 
Several important observations can be made from these images. First, it is important to 
note that the plain (unplatinized), screen printed electrode surface is quite rough with 
visible micron-scale carbon flakes. As the electrode is commercially produced by CH 
Instruments, its exact composition is proprietary; however, examination of Figure 9A 
shows a rough, nonuniform surface. The second observation that can be made is that the 
platinum appears to have deposited nonuniformly. This is not surprising, as it is known 
that defects in surface structure render a surface more electroactive.45,55 Therefore, the 
electrodeposition did not occur evenly on the surface due to the uneven, rough surface of 
the as-purchased electrodes. The third observation to be noted is that the platinum 
deposition occurs only at existing platinum nanoparticles as the number of cycles exceeds 
25 (Figure 9C); platinum nanoparticle size continues to increase with increasing current 
cycles.  
Next, biosensor sensitivity data was examined in the context of the 
aforementioned observations. The response to glucose was recorded over four orders of 
magnitude (0-5 µM; 15-55 µM; 150-550 µM; and 1.5-5.5 mM) and the sensitivity of 
each prototype in the linear sensing range was calculated and plotted against the number 
of cycles of platinum deposition (Figure 10). 
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Figure 8. The top plot shows raw data obtained with glucose additions as a function of time. Beginning at a 
time adjusted to 100 seconds, 10 µL of glucose stock concentration 10 mM was added every 100 seconds. 
Beginning at 600 seconds, 100 mM glucose was added, and beginning at 1100 seconds, 1 M glucose was 
added. 
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Figure 9. SEM images of platinum nanoparticles deposited on screen printed carbon 
electrodes. All deposition occurred at a current density of 7.12 mA/cm2 following the 
procedure outlined in the “Methods” section. A) Electrode with 5 cycles of Pt deposition; 
B) 10 cycles of Pt deposition; C) 25 cycles; D) 50 cycles; E) 100 cycles. The inset of E) 
shows a close-up view of the deposited platinum nanostructures. 
 
Results indicate that there is a significant increase in sensitivity with increasing 
platinum deposition to a certain point (25 cycles), but then increasing the concentration of 
platinum does not significantly improve the sensitivity (Figure 10). This result implies 
that when first-generation glucose biosensors are fabricated using platinum to decompose 
hydrogen peroxide, adding platinum will not continually improve sensor performance. 
Rather, a small amount of platinum is sufficient to decompose the hydrogen peroxide 
byproduct of the enzymatic binding. It is reasonable to conclude that platinum applied via 
electrodeposition at a current density of 7.12 mA/cm2 will not affect the sensor 
performance when applied at cycles of more than 25. In fact, tests confirmed that the 
sensitivity of the studied glucose sensor reached a steady state value at platinum 
deposition cycles greater than 50. 
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Figure 10. The average (n=3) sensitivity (nA/µM glucose) and corresponding 
standard deviation for sensors with varying amounts of platinum deposition. 
Sensors were prepared according to the procedure outlined in the “Methods” 
section. 
 
This has potential implications on the usage of platinum in biosensors produced 
on a commercial scale. Two crucial components in the manufacturing process – raw 
material cost and duration of production – are both affected by the results from this study, 
as depositing platinum beyond the known beneficial amount of 25 cycles will not 
increase product performance due to peroxide decomposition but will, however, increase 
the product cost.  
 
Conclusions 
Platinum-based glucose biosensors have been in use for decades, yet limited 
information is available on the optimal deposition parameters for platinum nanoparticles 
applied via electrodeposition. Here we demonstrate that the relationship between applied 
platinum and biosensor sensitivity is not linear; rather, the sensor reaches a ‘steady state’ 
sensitivity above platinum deposition cycles of 50 or more. This information can be 
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applied in a cost analysis of platinum-based blood test strips or in other applications of 
the decomposition of hydrogen peroxide on platinum, such as underwater autonomous 
vehicles.51,52 In order to validate these results, a future study should be conducted in 
which the current density of electrodeposition is a value other than 7.12 mA/cm2. Then, 
the resulting ‘maximum beneficial cycles’ value could be compared to this work. There is 
a correlation between current density of deposition and sensor sensitivity towards 
hydrogen peroxide,45 and while this study selected the known optimal current density, 
others should be investigated.  
 
Acknowledgements 
The authors greatly acknowledge support from the Iowa State University 
Department of Mechanical Engineering and College of Engineering.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
     23 
CHAPTER 3: A WORKING ELECTRODE FOR SWEAT GLUCOSE MONITORING 
FABRICATED ENTIRELY VIA INKJET PRINTING 
 
Introduction 
 
 The field of chemical biosensors, particularly glucose biosensors, has expanded 
tremendously in recent years as the number of diabetes mellitus diagnoses has increased 
in developing countries.7,56 An illness affecting the production of insulin, diabetes 
requires daily management, which is often handled by patients directly.4 The nature of 
the disease requires that patients monitor their blood glucose levels, a task that is most 
often accomplished through direct sampling. Direct blood sampling must be conducted 
intermittently throughout the day at an average frequency of three to four times daily5 and 
provides the patient with a clear representation of his blood glucose levels, information 
he can then use to administer medication as needed. Though this process of direct blood 
sampling is relatively quick, usually taking just a few minutes, studies have shown that 
continuous monitoring can lead to a more accurate picture of blood glucose levels over 
extended periods of time.5,10 
 Continuous glucose monitoring can be achieved via sampling of many bodily 
fluids including blood, serum, sweat, tears, saliva, and interstitial fluid.57 As the nature of 
continuous monitoring devices requires a constant physical interface with the patient, the 
accessibility of the sample medium is a key motivator in designing such a sensor. 
Consequently, sweat is a logical choice in sensing medium as its production rate can be 
easily affected by clothing, physical activity, and environmental conditions.58 Sweat is 
also easily accessible, as activated sweat glands are located on the majority of the surface 
of the human body.59 Another important factor is how well sweat glucose levels correlate 
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to blood glucose levels. Although additional studies need to be conducted, the literature 
indicates that sweat glucose concentration correlates to blood glucose concentration,13 
thus making it an acceptable medium to use for diabetic sensing requirements.  
 While wearable sweat glucose monitoring systems have been previously 
developed, they often require time-intensive and costly manufacturing processes such as 
clean room fabrication, photolithography, or metal sputtering. Numerous advanced 
manufacturing concepts hinge on additive manufacturing – creating an object by adding 
material – and one of the most well-known additive manufacturing processes is inkjet 
printing.60 Inkjet printing has demonstrated applications in biosensing and is expected to 
significantly alter the landscape of mass-produced biosensors in the future.61 It has also 
been demonstrated in other fields, including the development of solar cells,62 
photodetectors,63 and drug delivery,64 among others. 
 In this work we present the first entirely ink-jet printed working electrode for a 
glucose biosensor in three electrode format with functionality based on the 
decomposition of hydrogen peroxide catalyzed by platinum. Although glucose biosensors 
have been inkjet printed previously, they have either utilized sensing mechanisms that do 
not require platinum, or they are only partially inkjet printed, relying on other fabrication 
techniques for complete production (Table 2).  
 
Methodology 
Graphene electrode fabrication 
 Graphene electrodes – the base layer of the working electrode –  were fabricated 
via inkjet printing with a Dimatix Materials Printer (Model DMP 2800, Fujifilm), as 
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previously published.65 In short, single layer graphene powder (ACS Material 
GN1P0005) was dispersed in a mixture of 85% cyclohexanone (Sigma-Aldrich 398241) 
with 15% terpineol (Sigma-Aldrich T3407) via probe sonication for thirty minutes 
followed by bath sonication for several hours. The ink was filtered using a 0.8 µm 
syringe filter (GE Whatman), loaded into a 10 pL Dimatix printer cartridge, and printed 
on silicon wafers (Silicon Quest International). Sixty layers were printed with drop 
spacing of 20 µm, substrate temperature of 50°C, and cartridge temperature of 30°C. 
Electrodes were then thermally annealed under flowing nitrogen at 1000°C for 1 hour. 
Resistance measurements across the electrode after annealing were approximately 75 Ω. 
Working electrode functionalization 
 The aforementioned thermally annealed graphene electrodes were used as the 
conductive base for the fabrication of the working electrode. The working electrode was 
created by inkjet printing four different inks on top of the graphene – insulating lacquer, 
platinum-decorated carbon nanotubes (Pt-CNTs), glucose oxidase, and glutaraldehyde.  
 The first layer printed, the insulating layer, served two purposes. First, it keeps the 
working area of the electrode constant. When an electrode is submerged in testing 
solution the lacquer leaves only a specific surface area exposed to solution, thus ensuring 
that each electrode tested has the same working surface area. Secondly, the insulating 
lacquer limits any wicking, thus any circuit shorting, that may occur as a result of 
extended testing in a liquid electrolyte solution. This ink was prepared on a volumetric 
basis with 75% cyclohexanone (Sigma-Aldrich 398241), 15% terpineol (Sigma-Aldrich 
T3407), and 10% acrylic lacquer (conventional nail polish), and printed at 40ºC.  
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 As discussed in Chapter 2, platinum is an essential component of this sensor 
(Figure 6), as it decomposes the hydrogen peroxide byproduct of the glucose-glucose 
oxidase binding, which is the measurable signal detected by the biosensor. It is well 
known that platinum can be deposited via electrochemical deposition using applied 
current steps,54 but as the objective of this project is to create an entirely inkjet-printable 
sensor, electrodeposition was eliminated as a possible deposition method. Instead, 
platinum nanoparticles (Sky Spring Nanomaterials 9410DX) were purchased and 
dispersed in a variety of solvents. However, the particles would not suspend in any 
combination of solvents tested at any relevant concentration and instead coagulated into 
visible clumps. As the 10 pL printer cartridge requires particle sizes less than 0.2 µm, it 
was determined that this ink could not be feasibly printed. In order to overcome the 
problem of dispersing the platinum nanoparticles in solution for inkjet printing, a 
commercially available platinum dispersion was purchased (Sigma Aldrich 773875, 3 nm 
particle size). It printed effectively but did not have a good response when five and 10 
layer samples were tested with hydrogen peroxide. In an attempt to amplify the response, 
the number of layers printed was increased to 25 and then 50, but the resulting sensor still 
did not have the desired sensitivity. One reason for this is likely the morphology of the 
nanoparticles; the purchased suspension is believed to contain spherical nanoparticles, 
though it is well known that other morphologies such as leaves, petals, and cauliflower-
like shapes are more effective for electrochemical sensing.53,54 SEM images were taken in 
order to further investigate the platinum, but the captured images have very poor clarity 
and show charge accumulation on the surface, likely due to the solvents used to disperse 
the platinum nanoparticles, rendering them useless. These two problems – ineffective 
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nanoparticle morphology and charge accumulation due to solvents – deemed the platinum 
suspension ineffective. 
 Inkjet printing of carbon nanotubes has been previously demonstrated,66,67 and our 
group has worked on attaching platinum nanoparticles to various substrates to achieve 
high loading in previous works,45,51,52 so attaching platinum nanoparticles to carbon 
nanotubes and then printing the modified nanotubes was in the realm of possibility. Two 
methods were used to adhere platinum nanoparticles to carbon nanotubes, microwave-
assisted deposition68,69 and chemical deposition,52 referred to herein as “microwave 
method” and “chemical method,” respectively. Small batches of Pt-CNTs were prepared 
according to each method (Appendix), and then centrifuged with acetone to ensure that 
the acid was removed from the material before ink formulation, as the acid would affect 
pH which could in turn affect sensor performance.70 
 Each type of CNT was dispersed in two different solvents, sodium n-dodecyl 
sulfate (SDS) (Fisher BP166-100) and N,N-Dimethylformamide (DMF) (Sigma Aldrich 
227056), to create four unique dispersions (Appendix). Each of the four inks was drop 
coated via pipette onto a screen printed carbon electrode (CH Instruments, SE101) and 
subsequently tested with hydrogen peroxide in a three electrode setup. Results (Figure 
11) clearly indicate that the Microwave-SDS ink (top left) was ineffective, as only one 
current step is evident.   
 The Chemical-DMF ink (bottom right) can also be considered ineffective relative 
to the other results, as the signal is excessively noisy. Comparing the Chemical-SDS (top 
right) and Microwave-DMF (bottom left) results, the Microwave-DMF shows a higher 
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slope, indicating higher sensitivity, so it was selected as the final Pt-CNT ink to be used 
in the overall sensor fabrication. 
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Figure 11. Each of the four Pt-CNT inks was drop coated on a screen printed carbon electrode and tested with 
hydrogen peroxide. The Microwave-DMF ink was determined to show the clearest signal with the highest 
sensitivity towards hydrogen peroxide. 
 
 The key finding of Chapter 2 – that platinum content does not improve 
performance of this specific sensing mechanism beyond a certain amount – was relevant 
in determining the number of layers of Pt-CNT ink to be printed. First, six layers and 12 
layers were each printed on top of screen printed carbon electrodes. The rationale for 
such low numbers of layers was that the study in Chapter 2 utilized deposition cycles as 
low as five and 10. A mixture of GOx, BSA and glutaraldehyde was drop coated on top 
of the platinum layer and allowed to dry, and the sensor was evaluated for performance 
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by testing in a three electrode setup as outlined in Chapter 2. Results (Figure 12) show 
that there is little improved performance from six to 12 layers, but when the amount is 
increased approximately three-fold to 30 layers, performance improves significantly. 
Increasing platinum ink content to 50 and 100 layers did not show improvement, 
reinforcing conclusions from Chapter 2, so 30 layers was selected as the optimal amount 
of Pt-CNTs to be printed in the final sensor. To reiterate, these numbers of layers were 
selected for testing as they closely match the number of deposition cycles used in the 
study presented in Chapter 2. 
 
Figure 12. The number of layers of printed Pt-CNTs can significantly alter sensitivity. Thirty layers was selected 
for the final sensor. 
 
 Once the Pt-CNT ink composition and number of layers to be printed were 
determined, the enzymatic layer was investigated. Different sensors utilize varying 
concentrations of glucose oxidase enzyme, varying from 2 mg/mL to 20 mg/mL,71-74 
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without much explanation for selected concentration, so varying concentrations of 
glucose oxidase and BSA, a common stabilizing protein, were tested (Figure 13).75 Please 
note that this was simply to find concentrations of enzyme and protein that functioned 
well; this was not a complete optimization or investigation, though the topic certainly 
could be. 
  
Figure 13. Varying concentrations of glucose oxidase and stabilizing protein BSA were investigated to 
determine an effective ratio. High GOx concentration refers to 20 mg/mL, low GOx refers to 8 mg/mL, low BSA 
refers to 80 mg/mL, high BSA refers to 160 mg/mL. All solutions were mixed in a 50/50 v/v ratio. BSA 
concentration 210 mg/mL was also tested, but caused the membrane to delaminate so the resulting electrode 
could not be tested. 
 
 The final component that needed to be inkjet printed was glutaraldehyde, which 
serves to chemically cross-link the enzyme to ensure that it does not dissolve in the test 
solution. The concentration of 2.5% was selected based on references in the literature.75 
Initially, the glutaraldehyde was mixed with the GOx-BSA solution and printed. 
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However, after just ten seconds of printing, the nozzles became clogged, which can be 
attributed to the fast-acting nature of glutaraldehyde cross-linking. Instead, the glucose 
oxidase mixture was printed first, and then glutaraldehyde was printed separately on top 
of that. This achieved the same result as printing the protein and cross-linker together, but 
ensured that the nozzle would not clog by the fast-acting glutaraldehyde.  
Final electrode preparation protocol 
 A schematic outlining the various steps in preparing the inkjet printed working 
electrode is presented below (Figure 14). Graphene electrodes were prepared as described 
in the Graphene electrode fabrication subsection of Methodology section of this chapter 
(Figure 14 steps 1 and 2). An insulating lacquer layer was printed on top of the annealed 
graphene electrode to ensure that the surface area of the working electrode exposed in the 
electrolytic solution stayed constant (28.27 mm2), and was allowed to dry at room 
temperature for thirty minutes (Figure 14 step 3). Next, 30 layers of the Pt-CNTs were 
printed and allowed to dry for six hours to ensure that all solvent was evaporated (Figure 
14 step 4). Three layers of glucose oxidase dissolved in deionized water were printed in 
succession, and allowed to dry for one hour after the final layer was deposited (Figure 14 
step 5). Finally, two layers of glutaraldehyde were printed to ensure cross-linking of the 
enzyme. The completed sensor was allowed to dry for at least thirty minutes prior to 
testing. 
Experimental methodology 
 Experimental characterization was conducted using a traditional three electrode 
setup in 10 mL, 1X (10 mM) PBS, with the entirely inkjet printed sensor serving as the 
working electrode, a platinum wire as the counter, and a liquid Ag/AgCl reference 
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electrode. All electrochemical tests were carried out using a CH Instruments potentiostat 
(600E series) operating at an applied potential of +0.5 V. Stock solutions of glucose (1 
mM, 10 mM, 100 mM and 1 M) were prepared using glucose (D-(+)-Glucose, Sigma 
Aldrich G8270) dissolved in PBS, and testing was conducted with a stir bar rotating at 
725 rpm. Electrodes were allowed to stabilize for at least three minutes prior to data 
collection. Uric acid (Sigma-Aldrich U2625), ascorbic acid (Sigma-Aldrich A5960), 
lactic acid (Sigma-Aldrich W261106), sodium chloride (Sigma-Aldrich S7653) and 
potassium chloride (Sigma-Aldrich P9541) stock solutions were formulated by dissolving 
the respective target molecule in PBS.  
 
 
Figure 14. Schematic outlining the entire electrode fabrication process. Clocks between steps 3-6 indicate the 
total elapsed drying time for the entire process.  
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Results 
Sensor characterization 
 Sensors were fabricated on four different days to ensure accuracy in 
manufacturing. Some were allowed to dry at room temperature for 24 hours prior to 
testing, while others were tested just two hours after the last fabrication step was 
completed. The sensors that were tested soon after production showed the best response, 
and thus they were selected for test data included in this manuscript. Figure 15 shows the 
raw data for one test using chronoamperometry at an applied potential of +0.5 V and the 
corresponding current vs. concentration plot with error bars representing ± one standard 
deviation. The current vs.   concentration plot shows data points that represent an average 
current over a time interval of at least 20 seconds. Data was collected at a frequency of 
0.1 seconds where each point represents an average of at least 200 data points. 
 The inkjet printed sensor showed an average sensitivity (slope) of 18.33 µA mM-1 
cm-2, average response time of 18 seconds to reach 90% of expected increased signal 
upon analyte (glucose) addition, experimental detection limit of 10 µm and theoretical 
detection limit of 3.79 µM glucose. Interestingly, the sensor showed current responses 
across four orders of magnitude of glucose concentrations. The potentiostat used in data 
acquisition only had the capability to capture precise data over three orders of magnitude 
during one test, so the full sensing range tests were run in two segments. The combined 
data is shown in Figure 16. The data from 10 µM to 2.51 mM has a coefficient of 
determination of 0.9975, indicating a highly linear correlation.   
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Figure 15. Sensor performance results for the entirely inkjet printed working electrode operating in a three 
electrode setup. The top plot displays the raw current vs. time data. Injections of 10 µL glucose were added every 
50 seconds beginning at t=50 seconds. The first five additions were 10 mM glucose (inset), the second five were 
100 mM glucose, and the final two before the current exceeded potentiostat limits were 1 M. The bottom figure 
displays the current response as a function of total solution glucose concentration. Error bars represent standard 
deviation for a sample size of three.  
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Figure 16. The full sensing range of the entirely inkjet printed glucose sensor. The current response is linear 
(correlation coefficient R2 = .9975) from 10 µM to 2.51 mM glucose. 
 
Stability 
 One key metric in evaluating biosensor performance is shelf life, often referred to 
as stability. Depending on the application of a biosensor, adequate shelf life can be as 
short as one day or as long as several years. Like many biosensors, this entirely inkjet 
printed working electrode showed a change in response as time went on, most notably in 
decreased sensitivity. While sensitivity is an important metric in biosensing, as long as a 
sensor maintains a linear region with clear current changes that can be correlated to 
substrate concentration changes, it can be calibrated and used effectively. However, if a 
sensor does not show reliable current increases, it cannot be trusted to give accurate 
readings.  
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 Figure 17 displays response data from the sensor one day after fabrication and 10 
days after fabrication. A clear difference can be seen in the resulting amperometric 
response. Not only does the 1-day-old sensor have a higher sensitivity, but the steps are 
explicit. In contrast, the 10-day-old sensor has a lower sensitivity and the steps are more 
difficult to distinguish, making it much less effective. 
       Shelf Life 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Raw data showing current responses to 10 µm increases in the total glucose concentration (red 
arrows correspond to time of injection). The blue line corresponds to a sensor that is 1 day old, while the 
black corresponds to a 10 day old sensor. 
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Interference data 
One of the largest barriers in moving biosensors from the laboratory to the field is 
the response to interfering species. Oftentimes sensors in the laboratory are tested in 
pristine buffer solution, whereas in actuality real fluids, particularly biofluids, contain a 
multitude of components. Human sweat, for example, is known to contain over 61 
different chemical constituents.12 In order for a biosensor to be effective it must be able to 
selectively sense the target analyte; that is, produce a signal that corresponds to the 
concentration of target analyte only, and not respond to changes in concentration of any 
other chemical. There are two key categories of potential interfering species used in this 
study: electrolytes and acids. The electrolytes studied include NaCl, Na2SO4, NaHCO3, 
KCl, MgCl2 , NaH2PO4 , CaCO3 and NH4Cl,
12 while the acids studied include uric acid, 
lactic acid, and ascorbic acid, three acids commonly used in interference testing of 
glucose biosensors.12,22  
 The influence of electrolytes on the sensor performance was studied by testing the 
sensor in an artificial sweat solution rather than pristine PBS. The artificial sweat used 
comprised the aforementioned electrolytes in physiologically comparable 
concentrations,12 dissolved in deionized water. In order to understand the impact of 
electrolytes, an amperometric test was run first in PBS then in artificial sweat, and the 
results compared (Figure 18). The sensitivity decreases by 87% when the sensor operates 
in artificial sweat, which is a significant change. However, it is important to note that 
although the magnitude of the response has decreased, it is still extremely linear. This 
linearity, described quantitatively with a correlation coefficient of 0.9997, is still 
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extremely high, meaning that the sensor could still effectively correlate current to sweat 
glucose concentration.  
 
Figure 18. Current response vs. concentration glucose in pristine buffer solution (purple) and artificial 
sweat (green). 
 
 While a sensor must operate in a constant background of potentially interfering 
species, it is also important to understand how sudden changes in concentration of a 
particular analyte can affect performance. In particular, glucose biosensors are often 
tested this way against acids.22,45 In this study, NaCl, KCl, uric acid, lactic acid, and 
ascorbic acid, relevant interfering species found in human sweat, were tested by spiking 
testing solution with each component individually to a final concentration corresponding 
to the physiological concentration found in sweat. Concentrations used in this study are 
as follows: 25 mM NaCl, 10 mM KCl, 60 µM uric acid, 14 mM lactic acid, and 10 mM 
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ascorbic acid.12 A completed (enzyme functionalized and cross-linked), entirely printed 
electrode was tested, along with an electrode that only contained 30 layers printed Pt-
CNTs on annealed graphene (no enzyme), in order to observe what effect the presence of 
enzyme may have on the response (Figure 19). Note that the spikes in current that occur 
at each injection are the result of the physical injection, which disrupts the steady state of 
the system. Two observations occurred as expected. First, that the addition of glucose 
affected only the current response of the sensor functionalized with glucose oxidase, and 
second that the magnitude of the response to glucose decreased in the presence of 
interfering species. That is, the current response to injection g  (time = 410 seconds) is 
much smaller than the equivalent concentration increase at injection a (time = 100 
seconds), even though both are well within the upper limit of the linear range (2.5 mM).  
 
 
 
Figure 19. Amperometric current vs. time data obtained at an opeating potential of +0.5 V with a stir bar rotating 
at 725 rpm. Arrows correspond to the injection of analyte to produce a final concentration as follows: a) 0.1 mM 
glucose; b) 25 mM NaCl; c) 10 mM KCl; d) 60 µM uric acid; e) 14 mM lactic acid; f) 10 mM ascorbic acid; g) 
0.2 mM glucose; h) 1.2 mM glucose.  
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 The most notable change in current occurs after injection e (time = 300 seconds), 
which corresponds to the addition of lactic acid to the system. Interestingly, the response 
is seen in both the enzymatic electrode and the Pt-CNT only electrode, but the magnitude 
of the response is greater for the enzymatic working electrode. This could be due to the 
change in pH of the system upon the addition of this acid, an effect of the lactic acid itself 
with the Pt-CNTs, or possibly an effect of the three acids combined. Further testing must 
be done in order to draw conclusions regarding this current response.  
 
 
Discussion 
 
 The developed sensor demonstrates adequate detection limit, linear range, 
response time, and shelf life for applications in a wearable sweat-based glucose sensor. 
Importantly, this sensor functions well not only in PBS but also in synthetic sweat, 
indicating that it has potential for use outside of a laboratory environment. Aspects of this 
sensor that should be further investigated include the impact of additional interfering 
species, the performance of the sensor over extended periods of time, and how different 
storage conditions impact performance, and are discussed further in Chapter 4. 
 Table 2 contains a summary of all the glucose biosensors that have been inkjet 
printed, many of which are colorimetric rather than electrochemical. It is interesting to 
note that the oldest reference found was from 1992 – though glucose sensors have been 
around for a long time, inkjet printing is a relatively new concept. Most of the references 
from recent years utilize the same Fujifilm Dimatix Materials Printer 2800 that is used in 
this work. It should also be noted that none of the inkjet printed sensors utilize the 
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platinum-decomposition reaction that is the core of this thesis. This work is, to our 
knowledge, the first time such a scheme has been entirely inkjet printed.  
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Table 2. A summary of the inkjet printed glucose sensors demonstrated in the literature.   *Colorimetric sensing basis  
Printing 
Completeness 
Inkjet  
Printer 
Ink(s) Substrate Additional 
Processes 
Linear Response 
Range 
Operating 
Potential 
Ref 
Partially Thermal Canon 
inkjet printer 
(i905D) 
 
Biological ink: GOx in PBS with 
EDTA and glycerol 
 
PEDOT/PSS and Tween 80 
ITO-coated glass Dip coating 20-60 mM +.6 V,   
+.3 V 
72 
Partially Dimatix 
piezoelectric 
inkjet 
Working electrode ink (nonenzymatic 
sensor): CuO-NPs deionized water, 
ethanol, isopropyl alcohol, ethylene 
glycol 
Si/Ag Sputtering, 
microwave
-assisted 
annealing 
0.05-18.45 mM +.6 V 76 
Partially Dimatix 
Materials 
Printer 2800 
Glucose oxidase, pyrrole, PBA, Gemini 
surfactant, FepTS, FeCl3. Then printed 
layer of 0.5% w/v ethyl cellulose in 
butanol  
Screen printed 
carbon electrodes 
No 1-5 mM +.6 V 71 
Entirely 
 
Microjet 
PicoJet-2000   
340 units of GOx, 136 units of HRP in 
10 mL citrate buffer mixed with 7.5 mg 
o-toluidine dissolved in 10 mL of 
ethanol in a 1:1 volume ratio, 0.075 wt 
% sodium L-ascorbate dissolved in the 
obtained solution  
Filter paper 
soaked in 1.0 wt% 
solution of 
poly(styrene) in 
toluene 
No 2.8-28.0 mM N/A* 
 
 
77* 
Partially Dimatix 
Materials 
Printer 2800 
Water, GOx, HRP, PEDOT-PSS ITO-coated PET 
film 
Dip coating 
in acetone 
1.44 mM to .59 M 
 
+.3 V 78 
Partially Ink-Jet printer 
(Biodot, UK) 
Tetrathiafulvalene (TTF) in ethanol 
(0.05% w/v), Tetrabutylammonium 
perchlorate (l% w/v), GOx in PBS 
(0.05% w/v), BSA in PBS (0.05% w/v),  
glutaraldehyde in PBS (5% w/v)  
Screen printed 
carbon electrodes 
No 1-6 mM Not 
provided 
79 
Entirely Epson ME1+ 
piezoelectric 
ink-jet printer 
HRP and GOx ink: enzyme solution (1 
mg/mL) in PBS, 140 mg/mL of tert-
butanol and 23 mg/mL of  
PEG-20000 
Photo paper, 
parchment paper 
No 0-20 mM N/A* 80* 
Partially In-house 
designed lab 
printer 
20 mg/mL GOx with PBS, 5% (w/v) 
glycerol added as a stabilizer 
Screen printed 
carbon black 
electrodes  
No Not tested Not tested 73 
4
2
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CHAPTER 4 
CONCLUSIONS AND FUTURE PERSPECTIVES 
 
 In summary, this work has demonstrated an entirely inkjet printed working 
electrode for use in sweat-based, continuous wearable glucose monitoring. This project 
brings together research focuses in advanced manufacturing, nanomaterials, and wearable 
technology to create a sensor that shows promise in revolutionizing the way diabetics 
monitor and treat their disease. Moving towards noninvasive, continuous monitoring will 
enable diabetics to monitor their disease in a way which requires less effort but offers a 
more complete view of their glucose levels.  
 This work was focused equally on the development and characterization of an 
enzymatic glucose sensor. While Chapter 3 gives a thorough explanation for how and 
why each component of the sensor was developed, additional work can and should be 
done to further understand the performance of this sensor. Specifically, additional tests 
should be run to understand the effect of different interfering constituents. Though certain 
analytes were tested (Figure 19), to what extent the resulting current changes can be 
attributed to each specific analyte requires further investigation. For example, acidic 
analytes should be tested individually over extended time periods, and also sequentially 
in varying orders of addition to see if certain combinations impact the response. This 
study examined only a small percentage of potential interfering species. Not only does 
sweat comprise over 60 chemical constituents, but a variety of additional components (ie. 
dirt, fragrance, moisturizers) can be found on the skin and could contaminate the sweat 
before it contacts the sensor. 
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 The next step in pushing this inkjet printed sensor from the laboratory to 
commercialization is to fabricate it on a flexible substrate. A silicon wafer was selected 
for this work as it can withstand the high temperatures required for thermally annealing 
the graphene ink, but the Claussen Lab is currently working to install laser annealing 
facilities at Iowa State University. A laser annealing process has been shown to 
effectively transform the surface of the inkjet printed graphene into a conductive structure 
that is electrochemically effective.65 The laser annealing process eliminates the need for a 
high temperature environment, thus making it possible to create these conductive 
graphene electrodes on a variety of substrates such as polyimide film, glass, and even 
fabric. Every subsequent step mentioned in Chapter 3 could be inkjet printed on a flexible 
substrate just as easily as it could be on silicon, though some printing parameters would 
need to be reoptimized. Inkjet printing on a flexible substrate is of significant interest, as 
it could be scaled up to a roll-to-roll process that would allow for inexpensive 
manufacturing (Figure 20). 
 The scalable nature of inkjet printing makes it an extremely attractive 
manufacturing process, and in order to make this wearable sensor a reality the counter 
and reference electrode should be inkjet printed, too. The platinum wire used in this work 
for the counter could be easily replaced by a conductive graphene electrode, but printing 
the Ag/AgCl reference would be difficult. Developing a reference ink that can be inkjet 
printed without the need for high temperature annealing or other post-print processing 
would make this wearable sensor even more realistic.  
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Figure 20. An entirely inkjet printed sensor developed on flexible substrate has the potential to be effectively 
scaled up to mass manufacture on a roll-to-roll system. This figure illustrates the principle and potential of this 
method. 
 
 Regarding wearable sensors, public interest has surged in recent years, and with 
the expected increase of diseases that require daily monitoring such as diabetes, the 
market for wearable sensors is expected to expand drastically in the next ten years. 
Platforms currently in existence such as the Apple Watch® require the user to actively 
attach a piece of equipment, which can be cumbersome and unsightly. However, if 
researchers and designers are able to work together to create sensors that are integrated 
into clothing or garments that people already wear, the appeal of such sensors would 
increase. In conclusion, inkjet printing is anticipated to become a fairly common 
manufacturing method particularly in the realm of products integrating nanomaterials as 
it is relatively simple, low cost, and can be conducted with a variety of materials and on a 
variety of substrates. 
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APPENDIX 
PT-CNT FABRICATION PROCEDURES 
 
Microwave Method: procedure adapted from Chen 2004 (ref. 67) and Yu 1998 (ref. 68) 
 0.25 mL of an aqueous solution of 0.05 M H2PtCl6·6H2O was mixed with 6.25 
mL of ethylene glycol and 0.1 mL of 0.4 M KOH in a glass beaker. CNTs (10 mg) 
were dispersed in the aforementioned solution and dispersed via bath sonication 
for 30 minutes. After sonication, the solution was microwaved in a beaker at 700 
W for 50 seconds. The suspension was then centrifuged at 12000 rpm for 5 min, 
and the resulting precipitate was rinsed with acetone (centrifuged at 12000 rpm for 
5 min, replaced acetone and centrifuged again; process repeated 3 times). 
 
Chemical Method: procedure adapted from Claussen 2014 (ref. 52) 
36 mL deionized water (18.2 MΩ-cm) was mixed with 4 ml formic acid in a glass 
beaker and 58 mg H2PtCl6·6H2O followed by 5.3 mg CNTs were added to the 
solution. The resulting mixture was bath sonicated for thirty minutes. The pH was 
not adjusted. The mixture was coated in parafilm and allowed to sit at room 
temperature for the reaction to proceed to completion. After approximately three 
days the reaction finished, and the mixture was centrifuged. The resulting 
precipitate was rinsed with acetone and centrifuged three additional times. 
 
Ink Formulation: Pt-CNTs formed by both methods were dispersed via bath sonication 
for 30 min in DMF at a concentration of 0.3 mg/mL to make the microwave-DMF 
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ink and the chemical-DMF ink. The microwave-SDS and chemical-SDS inks were 
created by dispersing (again, via bath sonication for 30 min) 0.3 mg/mL Pt-CNTs 
in 3 mg/mL SDS in deionized water. The microwave-DMF ink was filtered with a 
0.8 µm syringe filter prior to inkjet printing. Ink was stored at room temperature, 
as low temperature was found to cause irreversible particle sedimentation.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
